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Abstract 

The  effects  of  gallium  doping  on  the  structure  and  electrochemical  properties  of  LiNio.sCoo.2O2  were  investigated  by  X-ray  diffraction,  cyclic 
voltammetry  and  charge-discharge  tests.  LiNi0.8Coo.2-^Gax02  (x  =  0.01,  0.03,  0.05)  was  synthesized  using  a  sol-gel  method  and  it  showed  the 
average  particle  size  less  than  1  pm  in  diameter.  Results  showed  that  gallium-doping  had  no  effect  on  the  crystal  structure  (a-NaFe02)  of  the 
cathode  material  in  the  range  x  <  0.05.  On  the  other  hand,  two  transitions  at  3. 7-3. 9  and  4. 2-4. 7  V  observed  during  the  cycle  test  were  merged 
into  one  when  the  amount  of  gallium  doping  increases  to  0.05,  implying  that  the  enhanced  capacity  retention  with  gallium  doping  is  attributed 
to  the  suppression  of  the  phase  transition  of  the  cathode.  However,  the  increase  of  gallium  content  in  LiNio.sCoo.2O2  slightly  decreases  the 
initial  discharge  capacity. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Performance  of  a  Li-secondary  battery  is  strongly  affected 
by  structural  stability  of  a  cathode  material,  since  the  amount 
of  lithiation  and  delithiation  of  Li  ions  during  the  charge  and 
discharge  is  determined  by  the  atomic  configuration  of  the 
cathode  [1-3].  Numerous  candidates  such  as  LiCoC>2  [4], 
LiNiC>2  [5],  LiMn2C>4  [6,7]  and  their  derivatives  have  been 
studied  for  cathodes  with  better  structural  stability  and  ex¬ 
ploration  for  improved  cathode  materials  has  been  extended 
to  other  oxides  [8]. 

Among  many  candidates,  mostly  LiCo02  has  been  used 
as  a  cathode  material  for  commercial  lithium  ion  batteries 
since  its  synthesis  is  easy  and  straightforward.  However, 
LiCoC>2  has  disadvantages  in  terms  of  cost,  toxicity  and  elec¬ 
trochemical  capacity.  On  the  other  hand,  LiNi02  costs  less 
than  LiCo02  and  has  higher  electrochemical  capacity  while 
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it  has  a  similar  layered  structure  as  LiCo02.  However,  the  cy¬ 
cling  behavior  of  LiNi02  is  poor  at  high  voltages  and  exhibits 
thermal  instability  in  its  charged  states,  due  to  decomposition 
at  elevated  temperature.  Recently,  LiM^CL  has  attracted  at¬ 
tention  due  to  its  low  cost,  high  voltage,  high  thermal  stabil¬ 
ity  and  non-toxicity.  The  LiM^CL,  however,  shows  capacity 
fading  due  to  Jahn-teller  distortion,  dissolution  of  Mn3+  from 
spinel  structure  and  oxidation  of  Mn4+  in  the  electrolyte  at 
the  high  voltage. 

Concerning  the  advantages  and  disadvantages  of  LiCoC>2 
and  LiNiC>2,  LiNii_xCo02  (0  <  x  <  1)  compounds  have  been 
developed,  based  on  the  fact  that  LiCo02  and  LiNi02  have 
the  same  layered  a-NaFe02-type  structure  [8-11].  Among 
them,  LiNio.8Coo.2O2  has  shown  good  electrochemical  prop¬ 
erties  and  further  improvement  in  electrochemical  properties 
has  been  reported  by  doping  elements  such  as  Al,  Mn,  Fe,  Ga 
and  Nb,  which  partially  substitute  Ni  or  Co  with  the  doping 
elements  [12-17].  In  particular,  gallium  has  been  known  as  a 
good  candidate  material  as  a  dopant  since  it  improves  struc¬ 
tural  stability  of  LiNi02  [17].  The  gallium  doped  LiNi02  has 


C.J.  Han  et  al.  /  Journal  of  Power  Sources  144  (2005)  214-219 


215 


a  single  hexagonal  phase  and  its  lattice  parameters  change 
slowly  and  continuously  during  charge-discharge  processes. 
The  hexagonal  structure  is  maintained  and  no  other  struc¬ 
ture  has  been  observed  during  the  charge-discharge  pro¬ 
cesses.  The  studies  of  the  electrochemical  properties  of  Ga- 
doped  Li-secondary  batteries  with  different  compositions 
are  also  available  in  the  literature.  Co-doping  of  Ga  and 
Mg  on  the  LiNiC>2  also  shows  capacity  improvement  due 
to  suppression  of  the  phase  transition  [18].  Kim  et  al.  [19] 
synthesized  the  LiNii_x_yCoxGay02  by  solid-state  reaction 
and  achieve  the  discharge  capacity  above  190mAhg-1  at 
3. 0-4. 2  V  range.  They  attribute  the  high  discharge  capacity 
of  the  LiNii_x_yCoxGay02  to  the  substitution  of  Ni3+  with 
Ga3+.  In  situ  X-ray  absorption  spectroscopy  (XAS)  study  of 
local  structure  of  Ga  ions  in  LiNio.908Coo.o85Gao.oo302  cath¬ 
ode  suggests  that  the  high  stability  of  Ga  in  tetrahedral  sites 
is  the  reason  for  the  significant  improvement  of  the  electro¬ 
chemical  properties  [20].  Similar  results  showing  structural 
stability  of  gallium  doped  LiCo02  and  LiM^CL  are  also  re¬ 
ported,  suggesting  possible  improvement  of  electrochemical 
properties  of  Li-batteries  [21-23]. 

In  this  study,  the  structure  and  electrochemical  properties 
of  the  LiNio.s  Coo.2-*Gax02  (x  =  0.00,  0.01,  0.03,  0.05)  were 
investigated  by  substituting  Co  with  Ga.  The  emphasis  of 
the  current  investigation  was  given  to  the  improvement  of 
capacity  retention  and  cycle  stability  at  higher  voltage  ranges 
by  achieving  the  homogeneous  distribution  of  gallium  in  the 
cathode  by  employing  a  sol-gel  method. 

2.  Experimental 

The  polycrystalline  powder  with  compositions  LiNio.s 
Coo.2-xGax02,  where  v  =  0.00,  0.01,  0.03  and  0.05,  were 
produced  by  a  sol-gel  method.  The  gel  was  formed  at 
140  °C  by  mixing  Li(CH3C00)-2H20,  (CH3C02)2Ni4H20 
(CH3C02)2Co4H20  and  Ga(N0)3-vH20  with  acrylic  acid 
in  the  distilled  water  and  fired  800  °C  for  24  h  in  flowing 
oxygen.  The  synthesis  procedure  of  LiNio.8Coo.2-*Gax02 
is  shown  as  a  schematic  diagram  in  Fig.  1.  Composite 
electrodes  were  prepared  by  mixing  84wt.%  of  the  fine 
LiNio.8Coo.2-xGax02  particles,  10wt.%  KS6  (conductor), 
and  6wt.%  (polyvinylidene  difluoride  (PVdF),  binder).  The 
mixture  was  coated  on  an  Al  foil,  and  dried  at  80  °C  for  24  h. 

The  charge  and  discharge  characteristics  of  the  cathodes 
were  examined  using  a  laboratory  pouch  cell.  The  cell  con¬ 
sisted  of  a  cathode,  a  lithium  metal  anode  and  a  separa¬ 
tor.  In  this  work,  50  cycle  tests  were  performed  to  exam¬ 
ine  electrochemical  properties  of  a  cathode  in  a  half  cell, 
which  is  comparable  to  the  charge-discharge  tests  of  more 
than  200  cycles  using  the  carbon  anode  in  a  full  cell  test. 
The  electrolyte  solution  was  1  M  LiPFo/ethylene  carbonate 
(EC)  +  ethylmethyl  carbonate  (EMC)  +  dimethyl  carbonate 
(DMC).  The  EC,  EMC  and  DMC  were  mixed  in  the  vol¬ 
ume  ratio  of  1 : 1 : 1 .  Cells  were  cycled  in  the  range  of  3. 0-4. 3 
and  3. 0-4. 5  V,  and  the  charge  and  discharge  were  carried  out 


Fig.  1.  Experimental  procedure  for  synthesis  of  LiNio.s Co0.2-xG3.xO2 
(*  =  0.00,  0.01,  0.03  and  0.05)  powders  by  a  sol-gel  method. 

at  1/5 C  rate  (0.4  mA/cm2) — first  three  cycles,  1/3 C  rate-next 
five  cycles  and  1/2C  rate  for  following  cycles. 

The  structure  and  the  morphology  of  LiNio.8Coo.2-* 
Gax02  powders  were  characterized  using  various  analytical 
techniques  such  as  X-ray  diffraction  and  scanning  electron 
microscopy.  X-ray  diffraction  experiments  were  performed 
with  a  RINT/DM AX-2500  (RIGAKU/Japan)  diffractometer 
using  Cu  Ka  radiation.  The  morphological  characteristics 
were  observed  using  a  scanning  electron  microscope  (Hitach 
S-4300). 

3.  Results  and  discussion 

3.1.  Morphology  of  LiNio.8Coo.2-xGax02  powders 

The  shape  and  size  distribution  of  the  LiNio.s C00.2-* 
Gax02  particles  were  examined  by  SEM.  LiNio.2Coo.2O2 
powders  synthesized  by  the  sol-gel  method  without  doping 
were  consisted  of  rounded  particles  with  an  average  size  less 
than  1  [xm  in  diameter  (Fig.  2).  The  average  particle  size  af¬ 
ter  the  same  calcination  was  smaller  than  the  particles  syn¬ 
thesized  by  solid-state  reaction  methods,  implying  possible 
increase  of  capacity.  The  small  particle  size  from  the  sol-gel 
method  was  ascribed  to  the  fine  initial  particles  obtained  from 
the  sol-gel  process.  It  is  reported  that  the  cathodes  with  fine 
particles  tended  to  have  high  initial  capacity  and  low  cycle 
stability  and  the  increase  in  capacity  is  attributed  to  the  in¬ 
crease  of  the  surface  area,  which  determines  the  effectiveness 
of  the  lithiation  and  delithiation  processes  during  charge  and 
discharge  of  the  Li-batteries.  On  the  other  hand,  better  cy¬ 
cle  stability  with  low  capacity  has  been  observed  in  the  case 
of  using  large  particles,  due  to  smaller  surface  area  in  the 
cathode  [24]. 

The  SEM  micrographs  of  the  LiNio.sCoo.2-*Gax02 
(v  =  0.01,  0.03,  0.05)  particles  are  also  shown  in  Fig.  2.  The 
figures  indicate  that  the  powders  with  different  Ga  contents 
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Fig.  2.  SEM  micrographs  of  LiNio.8Coo.2-xGa.xO2  powders  for  *  =  0.00  (a),  *  =  0.01  (b),  *  =  0.03  (c)  and  *  =  0.05  (d)  synthesized  at  800  °C  for  24  h  in  O2 
atmosphere  followed  by  a  sol-gel  processing. 


have  the  similar  size  distribution  and  morphology  as  the  bare 
LiNio.8Coo.2O2.  This  suggests  that  the  gallium  is  well  per¬ 
meated  into  the  bare  LiNio.sCoo.2O2  forming  a  solid  solution 
during  sol-gel  processing.  The  formation  of  the  solid  solution 
indicates  that  the  gallium  ions  are  homogeneously  dissolved 
into  the  colloidal  precursors  in  the  solution  prior  to  following 
heat  treatments  for  calcination. 

3.2.  Structure  of  the  LiNio.sCoo.2-xGax02 

The  structure  of  the  LiNio.sCoo.2-*Gax02  (jc  =  0,  0.01, 
0.03,  0.05)  particles  was  examined  by  analyzing  the  X- 
ray  diffraction  patterns  of  the  powders  that  are  prepared  by 
sol-gel  method.  The  diffraction  patterns  (Fig.  3)  showed  that 
the  structure  of  the  LiNio.sCoo.2-*Gax02  maintained  a  lay¬ 
ered  a-NaFeC>2-type  structure  (space  group  R-3m).  The  fig¬ 
ure  also  exhibits  a  pair  of  double  peaks,  (00  6)-(l  02)  and 
(10  8)-(l  1  0)  doublets,  indicating  that  Li  and  Ni/Co  are  well 
ordered  in  a  layered  structure  and  the  substituted  gallium 
atoms  are  located  in  the  Ni/Co  cation  sub-lattices.  This  result 
again  corroborates  the  fact  that  LiNio.sCoo.2O2  forms  a  solid 
solution  with  gallium  atoms,  when  the  LiNio.sCoo.2-*Gax02 
is  produced  by  the  sol-gel  method. 

Fig.  4  shows  the  ratio  (c/a)  of  the  lattice  parameters 
a  and  c  as  a  function  of  the  gallium  content  (v)  in  the 
LiNio.8Coo.2-*Gax02.  The  increase  of  the  ratio  (c/a)  with  gal¬ 
lium  addition  in  this  figure  is  mainly  attributed  to  the  increase 
of  c-axis  in  the  hexagonal  setting  since  the  lattice  parameter 
along  a- axis  is  negligible  compared  to  the  change  along  c- 
axis.  The  increase  of  the  c/a  ratio,  therefore,  indicates  the 
volume  expansion  of  the  unit  cell  and  it  assists  the  interca¬ 


lation  and  deintercalation  of  Li  ions  during  electrochemical 
processes.  This  result  also  implies  that  the  gallium  atoms  are 
substituted  with  Ni  and  Co  atoms,  and  Li  cation  is  restricted 
around  gallium  due  to  the  larger  ionic  radius  of  gallium  than 
Ni  and  Co  (Ni3+  low  spin:  0.56  A,  Co3+  low  spin:  0.54  A, 

o  ,  o 

Ga  .  0.62  A)  [17,18],  resulting  in  the  improvement  of  the 
electrochemical  properties  and  structural  stability  of  the  cath¬ 
ode.  A  similar  result  has  been  reported  in  the  case  of  Al  ad¬ 
dition  in  LiNio.8Coo.2O2  [25].  However,  different  from  Al 
addition,  Fig.  4  shows  that  the  volume  expansion  is  saturated 
with  the  gallium  content,  implying  that  the  improvement  with 
the  gallium  addition  for  better  electrochemical  properties  of 
the  LiNio.8Coo.2O2  may  have  a  certain  limitation. 


2  Theta  (degrees) 

Fig.  3.  XRD  patterns  of  LiNio.8Coo.2-xGa.tO2  powders  for  *  =  0.00,  0.01, 
0.03  and  0.05  synthesized  by  a  sol-gel  method. 
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Fig.  4.  The  change  of  the  lattice  parameter  ratio  (c/a)  as  a  function  of  the 
gallium  content  x  in  LiNio.sCoo^-jtGa^C^.  The  lattice  parameters  c  and  a 
are  based  on  the  hexagonal  setting  of  a  crystal. 

3.3.  Electrochemical  properties  of  the 
LiNio.8Coo.2-xGax02  particles 

Charge-discharge  characteristics  of  the  bare  LiNio.s 
C00.2O2  and  the  gallium  doped  LiNio.s  Coo.2-xGax02  were 
investigated  by  performing  cycle  tests  in  the  ranges  of  3. 0-4. 3 
and  3. 0-4. 5  V.  Fig.  5(a)  shows  the  discharge  capacity  as  a 
function  of  the  cycle  number  at  4.3  cut-off  voltage.  The  fig¬ 
ure  indicates  that  the  initial  discharge  capacity  of  the  bare 
LiNio.8Coo.2O2  is  181.94  mAH  g_1,  which  is  higher  than  the 
gallium  doped  LiNio.sCoo.2-xGax02.  The  figure  also  shows 
that  the  initial  capacity  tends  to  decrease  with  gallium  doping. 
However,  the  bare  LiNio.sCoo.2O2  loses  its  discharge  capac¬ 
ity  earlier  than  the  others  and  shows  49%  loss  in  discharge  ca¬ 
pacity  after  50  cycles.  On  the  other  hand,  the  capacity  loss  was 
restrained  in  the  gallium  doped  LiNio.sCoo.2O2  and  approxi¬ 
mately  89%  of  the  initial  discharge  capacity  was  maintained 
after  50  cycles  in  the  case  of  LiNio.8Coo.15Gao.05O2.  Simi¬ 
lar  results  were  obtained  from  Ga  doped  LiNi0.sCo0.1sGa0.02 
cathodes  at  the  lower  voltage  range  of  3. 0-4. 2  V  [19].  While 
identical  composition  of  the  cathode  was  seldom  found  in 
the  literature,  the  improvement  of  the  capacity  retention  of 
the  LiNio.8Coo.2O2  cathode  by  Ga  doping  was  better  than 
other  cathodes  with  different  compositions  (Ga  addidtion  in 
LiCo02  [21],  LiMn204  [23,26])  and  with  different  doped 
atoms  [31-34]. 

Fig.  5(b)  shows  clearer  evidence  of  the  gallium  role  in  im¬ 
proving  the  durability  of  LiNio.sCoo.2O2  cathodes.  The  figure 
shows  the  change  of  the  discharge  capacity,  when  the  cells 
were  cycled  at  3. 0-4. 5  V.  Improved  capacity  was  observed 
in  this  case,  since  the  higher  cut-off  voltage  required  greater 
deintercalation  of  the  Li-ions  from  the  layered  structure,  im¬ 
plying  that  the  structure  of  the  cathode  could  be  rapidly  de¬ 
stroyed  during  cycle  tests.  The  initial  capacity  of  the  bare 
LiNio.8Coo.2O2  was  223.69  mAH  g_1  in  this  case  with  ca¬ 
pacity  loss  of  69%  in  50  cycles.  On  the  other  hand,  gallium 
doped  LiNio.8Coo.2-xGax02  faded  slowly  and  only  12%  ca¬ 
pacity  loss  was  observed  after  50  cycles,  suggesting  that  the 


gallium  improved  capacity  fading  by  maintaining  the  original 
layered  crystal  structure  during  intercalation  and  deintercala¬ 
tion  of  Li  ions  [17-19].  To  maintain  the  structure,  a  uniform 
distribution  and  restriction  in  the  rearrangement  of  Li  ions  at 
a  charged  state  are  required.  This  is  because  gallium  is  not 
a  transition  metal  and  rearrangement  of  Li  ions  will  be  re¬ 
stricted  by  restraining  Li  ions  around  the  gallium  at  this  state 
[19].  In  this  study,  a  uniform  distribution  of  gallium  is  ob¬ 
tained  by  the  sol-gel  method.  Therefore,  improved  capacity 
retention  is  observed  at  a  high  cut-off  voltage  (4.5  V).  Fig.  5 (a 
and  b)  also  indicate  that  the  effect  of  the  gallium  doping 
on  the  stability  improvement  of  LiNio.sCoo.2O2  is  decreased 
with  the  gallium  amount  and  not  much  improvement  of  cycle 
characteristics  are  observed,  when  x  in  LiNio.sCoo.2-xGax02 
is  increased  from  0.03  to  0.05.  This  is  consistent  with  the  vol¬ 
ume  expansion  of  the  LiNio.sCoo.2O2  crystal  as  a  function  of 
gallium  content  in  Fig.  4,  since  the  effect  of  the  gallium  dop- 


Fig.  5.  Plots  of  discharge  capacities  of  LiNio.s Coo.2-^Gax02  for  x  =  0.00, 
0.01,  0.03  and  0.05  as  a  function  of  cycle  numbers  at  two  different  charge 
cut-off  voltages.  The  cycle  tests  were  carried  out  initially  by  charging  and 
discharging  at  the  1/5C  rate  for  three  cycles,  five  cycles  at  the  1/3C  rate,  and 
finally  at  the  1/2C rate  for  subsequent  42  cycles.  Charge  and  discharge  cut-off 
voltages  were  between  3. 0-4. 3  and  3. 0-4. 5  V  at  constant  charge-discharge 
current  density  at  room  temperature. 
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Fig.  6.  Cyclic  voltammograms  obtained  from  the  LiNio.8Coo.2-^Gax02  powders  for  x  =  0.00(a),  x  =  0.01(b),  x  =  0.03(c)  and  x  =  0.05(d).  Tests  were  conducted 
with  a  pouch-type  half-cell  containing  a  Li  metal  anode  and  a  LiNio.sCoo^-jcGa.xC^  cathode.  Voltage  scan  rate  was  0.01  mV  s_1 . 


in g  in  the  lattice  parameter  along  c-axis  has  been  reduced  as 
the  gallium  content  is  increased. 

3.4.  Cyclic  voltammogram  study  of  the 
LiNio.8Coo.2-xGax02 

Cyclic  voltammogram  (CV)  characteristics  of  the  bare 
LiNio.8Coo.2O2  and  gallium  doped  LiNio.sCoo.2-xGax02  are 
shown  in  Fig.  6.  This  is  because  the  electrochemical  proper¬ 
ties  of  the  cathode  material  can  be  obtained  from  the  pres¬ 
ence  of  the  peaks  in  the  C  V  curve,  which  provide  information 
about  phase  transitions  during  charge-discharge  tests  [27].  In 
general,  when  a  cathode  experiences  phase  transformation,  a 
peak  appears  in  the  CV  curve  due  to  the  coexistence  of  two 
phases.  In  the  case  of  LiCo02,  it  shows  three  peaks  in  the 
CV  curve  indicating  the  existence  of  four  different  phases. 
The  first  peak  appears  at  3.9  V,  due  to  the  transition  from  a 
hexagonal  phase  (Hi)  to  another  hexagonal  phase  (H2).  Two 
other  peaks  are  observed  in  the  CV  curve  at  4.0  and  4.2  V, 
which  are  corresponding  to  the  phase  transitions  also  between 
hexagonal  phase  (H2)  and  monoclinic  phase  (M)  and  between 
monoclinic  phase  (M)  and  hexagonal  phase  (H3),  respec¬ 


tively  [28,29].  LiNi02  also  shows  three  peaks  in  the  CV  curve 
due  multiple  phase  transitions  during  CV  tests.  In  this  case, 
peaks  due  to  phase  transitions  appear  at  3.7,  4.0  and  4.2  V, 
representing  the  phase  transitions  of  hexagonal  phase  (Hi)  to 
monoclinic  phase  (M)  at  the  first  peak,  monoclinic  phase  (M) 
to  hexagonal  phase  (H2)  at  the  second  peak,  and  hexagonal 
phase  (H2)  to  hexagonal  phase  (H3)  at  the  third  peak  [30]. 

Fig.  6  shows  cyclic  voltammograms  obtained  from 
the  bare  LiNio.sCoo.2O2  and  gallium  doped  LiNio.s 
Coo.2-xGax02  (jc  =  0.01,  0.03,  0.05).  The  CV  curve  from 
the  bare  LiNio.sCoo.2O2  exhibits  three  peaks  during  oxida¬ 
tion  indicating  the  presence  of  four  different  phases.  The 
peaks,  however,  merged  into  a  single  peak,  when  gallium 
content  reaches  to  LiNi0.sCo0.15Ga0.05O2.  The  first  peak, 
which  eventually  merges  with  a  diminishing  second  peak, 
shifts  from  3.6  to  3.73  V  with  gallium  addition.  The  simpli¬ 
fied  CV  curve  and  the  peak  shift,  due  to  suppression  of  phase 
transitions,  seem  to  be  well  connected  with  the  improved 
structural  stability  of  the  cathode  and  better  capacity  reten¬ 
tion  during  cycle  tests.  Similar  results  have  been  reported  in 
the  case  of  gallium  doping  in  the  LiNi02  [17].  They  reported 
that  the  gallium  doping  stabilized  the  crystal  structure  of  the 
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LiNiC>2  during  charging  process  by  retaining  the  hexagonal 
structures  without  exhibiting  the  monoclinic  phase  which  was 
observed  in  undoped  LiNiC>2.  On  the  other  hand,  our  study 
showed  that  the  structural  stability  was  improved  effectively 
by  restricting  both  the  transitions  of  monoclinic  phase  and  ir¬ 
reversible  transitions  of  hexagonal  phase  at  the  high  voltage 
range.  Other  reports  [25,31]  also  suggest  that  the  improve¬ 
ment  of  structural  stability  of  LiNii_x_>,Co};Mx02  (M  =  A1, 
Fe)  is  attributed  to  the  suppression  of  phase  transitions. 

4.  Conclusions 

Electrochemical  properties  of  the  cathode  material, 
LiNio.8Coo.2-xGax02  (x  =  0,  0.01,  0.03  and  0.05),  which  was 
synthesized  by  a  sol-gel  method,  were  investigated.  The  cath¬ 
ode  material  consisted  of  fine  particles  showing  an  aver¬ 
age  size  less  than  1  jam  in  diameter  and  it  maintained  an 
a-NaFeC>2  type  (R-3m)  layered  structure  regardless  of  the 
gallium  content.  The  lattice  parameter  along  the  c-axis  in 
the  hexagonal  setting  was  increased,  while  little  change  was 
observed  in  the  lattice  parameter  along  v-axis,  indicating  vol¬ 
ume  expansion  due  to  the  increase  in  inter- slab  spacing  of  the 
layered  structure  with  gallium  doping.  However,  the  expan¬ 
sion  along  the  c-axis  was  lessened  when  the  gallium  con¬ 
tent  reached  to  LiNi0.sCo0.15Ga0.05O2.  The  gallium  doping 
improved  the  capacity  retention  of  LiNio.sCoo.2O2,  while  it 
lowered  the  initial  discharge  capacity.  The  improvement  of 
capacity  retention  was  prominent,  when  the  cycle  tests  were 
carried  out  higher  voltage  ranges  (3. 0-4. 5  V).  Cyclic  voltam- 
mogram  test  results  suggested  that  the  suppression  of  the 
phase  transition  due  to  gallium  doping  induced  slow  degra¬ 
dation  of  the  discharge  capacity  of  LiNi0.sCo0.15Ga0.05O2 
during  cycle  tests. 
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